Context. Extraterrestrial materials, such as meteorites and interplanetary dust particles, provide constraints on the formation and evolution of organic matter in the young solar system. Micrometeorites represent the dominant source of extraterrestrial matter at the Earth's surface, some of them originating from large heliocentric distances. Recent analyses of ultracarbonaceous micrometeorites recovered from Antarctica (UCAMMs) reveal an unusually nitrogen-rich organic matter. Such nitrogen-rich carbonaceous material could be formed in a N 2 -rich environment, at very low temperature, triggered by energetic processes. Aims. Several formation scenarios have been proposed for the formation of the N-rich organic matter observed in UCAMMs. We experimentally evaluate the scenario involving high energy irradiation of icy bodies subsurface orbiting at large heliocentric distances. Methods. The effect of Galactic cosmic ray (GCR) irradiation of ices containing N 2 and CH 4 was studied in the laboratory. The N 2 -CH 4 (90:10 and 98:2) ice mixtures were irradiated at 14 K by 44 MeV Ni 11+ and 160 MeV Ar 15+ swift heavy ion beams. The evolution of the samples was monitored using in-situ Fourier transform infrared spectroscopy. The evolution of the initial ice molecules and new species formed were followed as a function of projectile fluence. After irradiation, the target was annealed to room temperature. The solid residue of the whole process left after ice sublimation was characterized in-situ by infrared spectroscopy, and the elemental composition was measured ex-situ. Results. The infrared bands that appear during irradiation allow us to identify molecules and radicals (HCN, CN − , NH 3 , ...). The infrared spectra of the solid residues measured at room temperature show similarities with that of UCAMMs. The results point towards the efficient production of a poly-HCN-like residue from the irradiation of N 2 -CH 4 rich surfaces of icy bodies. The room temperature residue provides a viable precursor for the N-rich organic matter found in UCAMMs.
Introduction
Interplanetary dust particles (IDPs) and meteorites provide information about primitive solar system matter and its chemical evolution. Micrometeorites recovered in Antarctic snow (AMMs) near the CONCORDIA station (Duprat et al. 2007) or near Dome Fuji (Nakamura et al. 1999; Ebihara et al. 2013 ) provide a unique source of pristine interplanetary dust particles. Among the fraction of AMMs that underwent a minimal weathering at atmospheric entry, a few percent are characterized by a very large carbon content (Nakamura et al. 2005; Duprat et al. 2010) . The carbonaceous phase of these so-called ultracarbonaceous Antarctic micrometeorites (UCAMMs) is an organic matter that exhibits extreme deuterium excesses (Duprat et al. 2010) . These particles are different from classical IDPs and AMMs and represent a new class of interplanetary material (Nakamura et al. 2005; Duprat et al. 2010; Dobricȃ et al. 2011 Dobricȃ et al. , 2012 Yabuta et al. 2012; Engrand et al. 2015) . Analysis by Raman and infrared absorption spectroscopy of these UCAMMs revealed that they contain nitrogen-rich organic matter with atomic N/C up to ∼0.15 Dobricȃ et al. 2011 ).
An important issue is how organic matter of meteorites, in general, and of UCAMMs, in particular, is formed. The first infrared spectroscopy studies of insoluble organic matter (IOM), extracted from primitive carbonaceous chondrite meteorites suggested that their chemical composition was similar to that observed in interstellar medium (e.g. Ehrenfreund et al. 1991 and onwards citations). However, these first studies were limited to the 3.4 µm spectral window. The extension to the full infrared spectral domain, covered later on by space telescopes, showed that the spectroscopic signatures of the meteorite organic extract is not fully similar to that of interstellar medium (ISM) carbonaceous matter. In particular, studies in the atmospherefree mid-infrared region showed that many spectroscopic signatures of the IOM in the 5 to 10 µm window are different from that of hydrogenated carbon dust observed in the ISM A&A 592, A99 (2016) (Kebukawa et al. 2011; Orthous-Daunay et al. 2013 , lower spectrum in Fig. 1 ). The IOM structure in the Orgueil meteorite and the labile fraction in CM chondrites (Kitajima et al. 2002; Remusat et al. 2007 , right structure Fig. 1 ; Derenne & Robert 2010) both possess a chemical network that is different from that of ISM components. The IOM absorption features absent in the spectra observed in diffuse ISM dust are mainly related to the presence of oxygen heteroatoms in the organic network. In the ISM dust, there is no evidence for the incorporation of such oxygen or nitrogen heteroatoms. In contrast, the UCAMM infrared spectra are characterized by absorption bands related to nitrogen heteroatoms . The evolution of the carbonaceous phase from diffuse to dense medium is still poorly constrained. It is possible that the ISM carbonaceous matter contains early precursors that were subsequently modified at various stages during evolution from the dense molecular cloud core to the protoplanetary disk and, eventually, later on during the meteorite formation process. Laboratory experiments allow the replication of space energetic environments to which the ices are exposed and to produce residues after slow sublimation of the ice. However, residues both obtained at room temperature (e.g. Muñoz Caro et al. 2004; Nuevo et al. 2006 ) and exposed directly to cosmic radiation in space (e.g. EURECA experiment, Greenberg et al. 1995) do not match the residues of the IOM from meteorites. Moreover, the macromolecular organics expected to be formed from ice mantles processed in the laboratory under simulated dense cloud conditions are distinct from that of IOM. Such laboratory residues may be considered a possible starting (or precursor) material, provided that the subsequent evolutionary pathways, such as thermal metamorphism or strong post-formation irradiation, can lead to further evolution (Muñoz Caro & Dartois 2013) . Such an evolution may eventually produce the IOM found in carbonaceous chondrites meteorites, however, it is clearly different from the N-rich organic matter with lower O content found in UCAMMs and some IDPs. The UCAMM organic matter may have formed early in the history of the solar system from the protosolar cloud dust grains. Alternatively, this organic matter may have endured more recent evolution on its parent body. Nevertheless, the mere formation of an organic material with spectral characteristics close to that observed in UCAMMs, i.e. in which up to several tens of percent of N have been incorporated and with low amounts of oxygen, requires the presence of a carbonaceous precursor and energetic processes in a N-dominated environment Ong et al. 1996; Hammer et al. 2000; Rodil et al. 2001; Quirico et al. 2008; Gerakines et al. 2004; Moore et al. 2003; Hudson et al. 2001) . Such conditions are gathered at the surface of some objects, which are orbiting at large heliocentric distances, beyond the trans-Neptunian region, with N 2 -rich icy surfaces (Schaller & Brown 2007; Levi & Podolak 2011) . The energetic process can indeed be provided by irradiation with cosmic rays and/or visible-ultraviolet (VUV) photons (Cooper et al. 2003) . Three different scenarios have been proposed to explain the formation of UCAMMs in Dartois et al. (2013) . We provide hereafter a brief summary of these scenarios and implications; see this article and the references therein for further details.
Thus UCAMMs may be (1) a heritage from the protoplanetary disk; (2) a fragment from a large Kuiper belt object (KBO); or (3) a residue of irradiated ices formed on a comet-parent body in the Oort cloud. However, the macromolecular residues formed according to the first irradiation scenario should be different in composition from that found in UCAMMs . Indeed because of the presence of abundant water ice in protoplanetary disk and dense interstellar environments, the matter recovered should present some features related to a higher amount of incorporated oxygen atoms in the solid network, whereas the organic matter of UCAMMs exhibits a low O/C ratio. In the last two scenarios, the formation of nitrogenrich organic matter in the outermost regions of the solar system can be explained, since nitrogen and methane rich ices are condensed at the surface of icy bodies (Protopapa et al. 2016; Grundy et al. 2016; Licandro et al. 2006; Lorenzi et al. 2015; Cruikshank et al. 2015) , and water ice is buried and protected from the ambient radiation fields. These scenarios are favoured to explain the formation of N-rich organic matter because of the expected final organic matter composition and the volume of irradiated material. However, experimental constraints on irradiation times corresponding to these locations in the solar system (e.g. Cooper et al. 2003 ) and on the volume of matter affected are needed to better distinguish the most fitting scenario. The third scenario permits the largest affected volume, combining a region where icy bodies are exposed to higher energy cosmic rays penetrating deeper in the subsurface, with potentially more small icy bodies with a N 2 -CH 4 rich subsurface than in the second scenario.
Several publications have reported experimental studies on ion bombardment of interplanetary ice analogues with N 2 and CH 4 included in the mixture (e.g. Gerakines et al. 2004; Moore et al. 2003; Hudson et al. 2001; Barrata et al. 2015) . These experiments were mainly performed at low ion energies, less than a few MeV. Here, we report on the effect of swift heavy ions corresponding to GCR (Galactic cosmic ray) irradiation of a typical large KBO or Oort cloud icy body surface. We thus evaluate experimentally UCAMM formation scenarios proposed in Dartois et al. (2013) and discuss the astrophysical implications for the formation and evolution of the organic matter observed in UCAMMs
Experiments and methods

Experiments
The irradiation experiments were performed at the heavy ion accelerator Grand Accélérateur National d'Ions Lourds (GANIL; Caen, France) with Ni 11+ (44 MeV) at the IRRSUD beam line and Ar 15+ (160 MeV) at the SME beam line. The experimental procedures have been reported before (Pilling et al. 2010; Seperuelo Duarte et al. 2009 ). The CASIMIR set-up (Chambre d'Analyse par Spectroscopie Infrarouge des Molécules IRadiées, Fig. 1 ), which can be mounted on both of these beam lines, is a high vacuum chamber (∼10 −8 mbar) with a rotatory platform holding an infrared (IR) transparent ZnSe substrate. This substrate can be cooled down with a closed-cycle helium cryostat to a temperature of about 14 K, allowing a controlled substrate temperature from 14 K to 300 K. The irradiation beam lines are equipped with a beam sweeping device, which provides a homogeneously irradiated surface. In the present experiments, we condensed a gaseous mixture of N 2 and CH 4 onto the ZnSe substrate at 14 K. We used two N 2 -CH 4 mixtures, the first with a nominal concentration of 1.99% of methane (98:2) and the second with 9.98% of methane (90:10). Both were acquired from Air Liquide and used as received (see Table 1 ). Such mixtures are representative of the main composition for methane and nitrogenrich surfaces of the dwarf planet Pluto (Cruikshank et al. 2015; Grundy et al. 2016) and are also relevant for some surfaces on other dwarf planets (e.g. Eris, Makemake, see Licandro et al. 2006; Lorenzi et al. 2015) . Thousands of smaller objects in the Kuiper belt and Oort cloud regions should possess the same kind of surface composition, but their spectra are not yet accessible owing to their magnitudes that are too low.
The substrate on the cold head can be rotated into three positions: to deposit the ice, to irradiate it, or to record IR spectra at normal incidence in transmission. Spectra were recorded in-situ with a FTIR spectrometer (Nicolet Magna 750) before and during irradiation at different fluences, and at different temperature steps during heating. The slow warming up was performed from 14 K to 300 K with a ramp at ∼0.2 K min −1 for T ≤ 70 K (to allow a gentle non-processed N 2 and CH 4 sublimation) and with a 1−1.5 K min −1 ramp for T > 70 K. When the sample reached 300 K, a final IR spectrum was recorded. The chamber was then opened to dismount the ZnSe window covered with the residue. The residue was kept under primary dry vacuum for further ex-situ analysis. Electron microprobe measurements (Cameca SX100) were performed at the Pierre and Marie Curie University (Paris VI, CAMPARIS) at 10 kV to measure the atomic N/C ratio of the residues. One of the residues was also post-annealed under primary vacuum up to 600 K to observe the evolution of the organic matter composition, as monitored by FTIR. The residue was placed under dynamic primary vacuum in an evacuated quartz tube placed into an oven, and the temperature increased to 600 K at 5 K min −1 . The sample was maintained at 600 K during 30 min and then removed from the oven. The sample was allowed to cool down under vacuum at room temperature before any further measurement.
Ice samples
Figure 2 presents the spectra of four different deposited N 2 -CH 4 ices. Two of these (sample a and sample b) were prepared with a (90:10) mixture with a thickness of 8.4 and 9.9 µm, respectively. The others (sample c and sample d) were prepared with a (98:2) mixture with a thickness of 10 and 20 µm, respectively. The thickness was determined using residual interference fringes measured on the IR spectra as summarized in Table 1 . The IR spectra of freshly deposited ice films (Fig. 2) Table 1 for details. (Gerakines et al. 2005) . Other bands observed at 3720, 3635, and 1600 cm −1 correspond to small amounts of water residual pollution trapped into the N 2 matrix (Bentwood et al. 1980 ) whereas N 2 is IR inactive. This water comes from a residual gas contamination in the injection chamber.
The deposited ice column density can be calculated from
where N is the column density in molecules cm −2 , τ(ν) the frequency dependent optical depth of the considered infrared band and A the integrated band strength in cm molecule −1 . The band strengths we adopted for the different molecules can be found in Escobar et al. (2014) , Moore et al. (2003) and Gerakines et al. (2005) . The effective initial composition was obtained using the methane band at 3010 cm −1 and the water band at 1600 cm −1 as reference. The adopted band strength values are A CH 4 = 6×10 −18
and A H 2 O = 1.2 × 10 −17 cm molecule −1 , respectively. Table 1 summarizes the mixtures composition for the deposited ice films, estimated sample thickness, and molecule column densities, taking the presence of H 2 O into account.
The two ice films with 10% of methane (samples a and b) were irradiated with Ni 11+ at 44 MeV and the ice films with 2% of methane (samples c and d) with Ar 15+ at 160 MeV. The beam parameters are given in Table 1 . The samples were irradiated until a total fluence of 1.0 × 10 13 , 3 × 10 13 , 3.4 × 10 12 , and 2.2 × 10 13 ions cm −2 , for samples a to d, respectively. The total dose deposited in the ices (given in Table 1 ) was calculated using the SRIM code (Ziegler et al. 2010) , assuming an ice density of 0.94 g cm −3 (Satorre et al. 2008 ).
Results
Irradiation of the ice mixtures
Infrared spectra taken before, during and at the end of the irradiation for the four samples are shown in Figs. 3−6. These spectra clearly show the decrease of the CH 4 bands related to the destruction of this molecule under irradiation. Figure 6 exhibits a strong water ice contamination at the end of the experiment as shown by the broad water ice bands around 3280 cm −1 and 1600 cm −1 . For this particular sample (sample d), the beam was The thickness is estimated from the interference fringes period via the formula e ≈ 1/2n∆ν, where e is the thickness, n the refractive index of the ice film, and ∆ν the period of interference fringes.
(c) Taking into account the water pollution. (d) The calculated water contamination is about 1−7% with respect to CH 4 .
(e) Calculated with SRIM (Ziegler et al. 2010) , assuming an ice density of 0.94 g cm −3 (Satorre et al. 2008) .
( f ) D = F × S e /ρ, where F is the ion fluence, S e its electronic stopping power, and ρ the target density. (green). The final dose is 18 eV molecule −1 . Spectra were shifted for clarity. Evolution of the column density of selected molecules in the sample during the irradiation as a function of the deposited dose (bottom).
stopped during 12 h as a result of a technical incident, and an important layering of water ice, accreted from the residual vacuum gas, occurred on top of the N 2 -CH 4 film. Nevertheless the experiment was pursued immediately up to the final fluence when (green). The final dose is 54 eV molecule −1 . Spectra were shifted for clarity. Evolution of the column density of selected molecules in the sample during the irradiation as a function of the deposited dose (bottom).
the beam was recovered. The water-ice deposition occurred at the surface of the ice mixture only, whereas the irradiation affected the whole bulk sample. Indeed, the range of the projectile (87 µm) is much larger than the target thickness (23 µm)
A99, page 4 of 9 Fig. 5 . Sample c: IR spectrum from 5000 to 600 cm −1 of N 2 :CH 4 ; 9.3 µm thickness (top). From bottom to top, initial deposited ice sample (red), after a fluence of 6.9 × 10 11 ions cm −2 (purple) and 3.4 × 10 12 ions cm −2 (green). The final dose is 3 eV molecule −1 , which is not enough to obtain a final spectra equivalent to those of other samples irradiated with higher doses. Spectra were shifted for clarity. Evolution of the column density of selected molecules in the sample during the irradiation as a function of the deposited dose (bottom).
Numerous molecules can be formed as a result of the radiolysis of CH 4 , N 2 (and H 2 O). For high CH 4 concentration, molecules such as C 2 H 6 are formed, as demonstrated by the features at 2975, 2950, and 2890 cm −1 . The production of NH 3 (1640 and 1100 cm −1 ) or NH + 4 (1470 cm −1 ) is due to the destruction of N 2 combined with hydrogen coming from CH 4 or H 2 O. The production of small amounts of CO (2140 cm −1 ), CO 2 (2345 cm −1 ), HNCO (2260 cm −1 ), and OCN − (2170 cm −1 ) results from the small water ice contamination, which is the only source of atomic oxygen in the ice mixtures. The feature around 2100 cm −1 can be assigned to the formation of the CN − anion (2090 cm −1 ) and HCN (2100 cm −1 ). This molecule is also present at 3130, 1730, and 820 cm −1 .
The evolution of the column density of the most relevant molecules as a function of the deposited dose is reported in Figs. 3−6, and the infrared bands used to evaluate the column densities are listed in Table 2 . After about 10 eV molecule −1 , the column densities of the main species do not further evolve substantially. This suggests that after such a dose the abundances of the irradiation-induced molecules reach a plateau, although the sample still evolves towards a refractory residue as seen through (green). The final dose is 18 eV molecule −1 . The final spectra indicates the presence of solid water. Spectra were shifted for clarity. Evolution of the column density of selected molecules in the sample during the irradiation as a function of the deposited dose (bottom). As a result of a technical incident, there is no point between 1 and 18 eV molecule −1 .
the presence of broad bands in the IR spectra. Also, we note that the initial composition does not significantly change the overall chemical evolution (Figs. 3, 4 , and 6). The final spectra for irradiations starting with a 2% or a 10% methane ices are similar (see samples a, b, and d in Figs. 3 , 4, and 6). To infer the relevance of the dose deposited in the ices, we exposed samples c to a total dose of only about 3 eV molecule −1 (Fig. 5 ). The final spectra shows that the complex features around 3010 cm −1 and 2200−2000 cm −1 are much weaker than in other experiments, i.e. that the final dose is not sufficient to radiolyse enough CH 4 and N 2 to produce higher molecular weight species (see Fig. 5 ). Indeed at the end of the irradiation a substantial fraction of the initial methane is still present in the ice.
Annealing of irradiated ices to 300 K: Formation of organic residues
While transferring to the internal solar system, Oort cloud objects are heated. During this period, solar radiations sublimate particles from the surface of the object, allowing chemical van Broekhuizen et al. (2004) modifications. This is the reason why, after each irradiation, the samples were slowly heated from 14 K to 300 K (annealing). At the beginning, the temperature ramp was chosen to be slow enough (0.2 K min −1 ) to allow for gentle diffusion and sublimation of the matrix and avoid explosive desorption of the ice matrix when nitrogen and methane sublimate (volcano effect).
For T ≥ 70 K, the ramp was increased to 1 or 1.5 K min −1 . During annealing, infrared spectra were recorded to monitor the The first species that sublimates is CO, as demonstrated by the disappearance of the 2140 cm −1 band beyond 35 K. CH 4 and N 2 also sublimate around this temperature. Once the most volatile molecules have evaporated, as the temperature increases, strong modifications related to the band complex between 2200 and 2050 cm −1 are still observed. The CN − and HCN bands disappear progressively and the band complex evolves towards higher frequencies corresponding to nitrile and isonitrile transitions in a solid residue.
The absorbance of the N-H feature between 3500 cm −1 and 2400 cm −1 increases with the final dose deposited during the irradiation. The same evolution is observed in the nitrile region at 2200 cm −1 , however, in the region of C=C, C=N, and C-N (at 1650 cm −1 , 1600 cm −1 , and 1350 cm −1 ), the most intense spectra are that of samples b and d followed by samples a and c.
The spectra of the room temperature residues of samples a-d are shown in Fig. 9 . The spectrum of residue d, after heating to 600 K under primary vacuum, is shown in the same figure. This second annealing was an attempt to reproduce the atmospheric Fig. 9 . Superposition of FTIR spectra of different residues compared to the spectrum of an UCAMM. From top to bottom: poly-HCN before and after annealing to 600 K (Bonnet et al. 2015) ; spectrum of a UCAMM ); spectrum of residue "d" of this work, post-annealed to 600 K (in red), spectra of residues "a" to "d" produced in this work after irradiation and annealing to 300 K (in blue); spectrum of pure HCN ice after irradiation with 0.8 MeV protons (Gerakines et al. 2004) . Table 3 .
Although sample c was irradiated at a lower total dose (3 eV molecule −1 ), the residue IR spectrum is similar to those obtained for higher doses. The final spectra indicate that even if the evolution of the spectra are different and even if the initial composition are slightly different, the residues are similar.
These results suggest that the raw matter needed to process the residue during annealing is formed starting at the very beginning of the irradiation. The formation process seems to continue during the whole irradiation period. Further experiments will investigate this hypothesis by processing a more important part of the ice, by irradiating the ice at much higher doses. We constrained the minimum and typical required irradiation dose, and cthe corresponding astrophysical timescale, to form a meaningful residue.
Discussion
Residue formation
Although starting with different initial concentrations and depositing different final doses, the produced residues share similar spectral signatures. If the initial conditions for the starting ice mixtures are different, they all contain CH 4 in a N 2 dominated matrix, but in varying proportions reflecting the expected chemical diversity of the subsurface of outer solar system bodies (e.g. as mapped on Pluto; Protopapa et al. 2016) . As shown in Figs. 3 to 6 , the same main molecules and radicals are produced upon ion irradiation, but their amount and the saturation dose change as a result of both the initial molecule concentration and the total deposited doses. The irradiation process produces mainly CN-related species, which are reactive species and easily polymerizable. Consequently, this leads to the synthesis of a rather common residue within the dose regime explored here. At the end of the process, once the nitrogen-rich polyaromatic material is formed, it is expected to stay more resilient to further irradiation. This will be explored in future experiments. Figure 9 shows the similarity between a spectrum from Gerakines et al. (2004) obtained after low energy proton irradiation of pure HCN ice, two poly-HCN spectra from (Bonnet et al. 2015) and the four residue spectra of this work. The pure HCN residue and both poly-HCN present the same features as listed in Table 3 . Moreover, the nitrile band presents a similar relative intensity compared to the C=N region as that of the residues obtained in this work. This indicates that, as stated above, one of the most abundant molecules formed during irradiation is HCN and CN − and that other molecules present before annealing are contributing less significantly to the residue. Swift heavy ions transform an N 2 -CH 4 ice into a poly-HCN like polymer compound. This is confirmed by ex-situ electron microprobe measurements performed on the residues maintained under primary vacuum, show atomic N/(N+C) ratio of the order of 0.5, supporting the hypothesis of formation of a HCN-like polymer.
The four residues can also be compared to tholins spectra, such as those presented in Bonnet et al. (2015) . Such experiments are performed from gaseous products in laboratory reactors at room temperature aimed at produceing nitrogen-rich cometary dust and/or Titan atmosphere analogues. These spectra, produced from N 2 -CH 4 (90:10) starting gas mixtures, are relevant to compare the structure and chemical signatures of analogues with extraterrestrial materials and are a means to to synthesize analogues with the foreseen spectral signatures. These experiments show that the formation of a HCN-like polymer is a stable chemical pathway also expected in a plasma polymerization. Beyond the mere structure of an irradiation-induced analogue, the experiments described in this work are simulating solar system environments and processes that are directly relevant for the formation of the organic compound observed in UCAMMs. Therefore, the starting bricks are simple and elementary, such as relatively ubiquitous simple ices, and processed at low temperature and under high vacuum relevant for outer solar system environments. In the same way, the spectra of the residues shown in Gerakines et al. (2004) are similar, although they are obtained starting with different initial ices. This suggests that a similar residue is obtained when a molecular mixture containing C, N and H is processed by an energetic source. However, the purpose of the present work is to reproduce a realistic astrophysical scenario, leading us to use the simplest possible ices as starting point. A constraint on the irradiation environment is set by the need for energetic processes to make it possible for large amounts of N to be incorporated in the final residue. We emphasize again that a lower volume is affected by UV photons than by energetic ions for large icy bodies. Even if CO is observed in a small amount in the astrophysically targeted object ices and H 2 O is present as a contaminant in our experiments leading to small carbonyl contributions, the residues obtained from the irradiations that match the nitrogen-rich organic matter found in UCAMMs imply the absence of large amounts of O or co-mixed H 2 O in the starting ices. Much larger initial O content would lead to very different organic residues and final chemical compositions. All together, these points show that heavy ions are able to process N 2 -CH 4 ices and that annealing of the irradiated ices provides a stable poly-HCN-like residue, in a reasonable astrophysical scenario.
The residues obtained by irradiation of the above ice samples can also be compared with the spectra of an UCAMM (Fig. 9) . The similarity between the spectra is striking, as the five major bands observed in the residues are also present in the UCAMM spectrum. There are still differences, such as the intensity of the nitrile and isonitrile region of the spectrum (2250−2100 cm −1 ), which is more important in the residues. As shown in Fig. 1 of Bonnet et al. (2015) and following the vacuum annealing at 600 K of our residue from sample d, however, slight thermal evolution of the poly-HCN and residue at T above 300 K (up to 600 K in our case) produces a better match to UCAMM spectra. This second annealing is performed to simulate the entry of micrometeroites into the atmosphere. Thus the as-produced residues appear as meaningful precursors to UCAMMs.
Timescale
The present work allows us to obtain constraints on the ability to produce the organic matter of UCAMMs or their precursors using simple processes occurring in the solar system. Furthermore, this work also allows us to evaluate the associated timescales to form a precursor of the N-rich UCAMM organic matter from the starting ice material. The cosmic ray dose experienced at large distances in the solar system can be evaluated by modelling their distribution and fluences (Shen et al. 2004) .
The ice composition does not significantly change after a dose of 10−20 eV molecule −1 (see Fig. 4 ). The time corresponding to the deposition of this dose may therefore be considered as the time needed to produce a precursor of the N-rich UCAMM organic matter.
In the study reported by Shen et al. (2004) exploring cosmic ray (and secondary UV photons) interactions with icy grains, the mean rate of energy deposition to the ice mantles is on the order of 6 × 10 −15 eV molecule −1 s −1 . The equivalent timescale to reach an irradiation dose of about 10 eV molecule −1 corresponds to about 53 million years, a dose at which an organic residue is already efficiently produced in the experiments presented in this work. This value represents a lower limit to the time needed to produce a solid organic matter precursor. Irradiating for longer times would produce more residues of similar nature (54 eV molecule −1 , the dose reached for sample b, corresponds to 270 millions years). At large heliocentric distances, interstellar UV photons add their contribution to the formation of a residue, lowering the required timescale at the very near surface. The volume affected by UV photons is much lower for planetesimals or bodies with sizes exceeding their penetration depth (hundreds of nm) as compared to heavy ions, unless they act in the very early stages of the protosolar nebula disk. Typically hundreds of millions year are required to produce a significant amount of residues. The irradiation process can be effective as soon as the N-rich ice mantles were formed. It may have started as soon as the planetesimals were formed, but it can still be ongoing today for bodies at large heliocentric distances, i.e. beyond the "nitrogen snow-line", as discussed in Dartois et al. (2013) .
According to Cooper et al. (2003, Table 5) , within this timescale, at large heliocentric distances and in the local ISM a radiolytically significant dose can be deposited and affect up to several µm of ice layer. Although affecting only the top layer, such a process may produce substantial amounts of organic matter in particular for small-to-intermediate size icy bodies in the Oort cloud.
Conclusion
We irradiated nitrogen-dominated ice mixtures of N 2 -CH 4 (90:10 and 98:2) at 14 K with swift heavy ions. This allows us to simulate modifications induced by cosmic rays on transneptunian to Oort cloud object surfaces. During the irradiation, numerous intermediate species were produced, including predominantly HCN and CN − , but also including HNCO, CO, or OCN − from traces of water in the matrix. Starting from simple ice mixtures representative of icy surfaces of outer solar system objects, we effectively produce complex molecules and radicals. During the annealing of the irradiated ices to room temperature, these species recombine and react to produce a solid residue. The analysis of the residue confirms the formation of a poly-HCNlike material, which is stable at room temperature. These poly-HCN-like materials are potential precursors of organic material observed in ultracarbonaceaous micrometeorites collected in Antarctica. The associated formation timescales are compatible with an irradiation of icy bodies orbiting in the outer solar system. Further studies should explore in detail the post-irradiation history of such residues when travelling to the internal parts of the solar system.
